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ABSTRACT
Sulfate deposited onto the Antarctic ice sheet originates from a mixture of sulfur sources. Two 100 m long ice cores

from Dronning Maud Land have been studied by means of sulfur isotopic analysis and detailed ion analysis to reveal
temporal and spatial differences in the influencing sulfur source. The two ice cores represent the coastal area and the
polar plateau, respectively. The isotopic signals were similar within each ice core, indicating no temporal change of

influencing sources during the last 1100 yr. The mean values at the two different sites were also similar: 14.6 & 0.3%,

and 14.7 £ 0.3%o, respectively.

The similarity remains between calculated non-sea-salt values when a sulfate-depleted sea-salt aerosol is assumed in

the costal core. When the influence of sporadic explosive volcanic eruptions is subtracted from the signal, the isotopic
value from the polar plateau (15.4 & 0.6%o) is significantly lower than prescribed values for marine biogenic sulfur. This
suggests that one or more additional sources contribute to the sulfate budget. Several possible contributors are discussed

in the context of former sulfur isotopic signals presented from Antarctica.

1. Introduction

Sulfate aerosols play an important role in the climate system by
scattering the incoming solar radiation and by acting as cloud
condensation nuclei. The current global climate forcing effect
of sulfate aerosols is rather uncertain, but is estimated to be of
the same order of magnitude as the effect of the anthropogenic
component of greenhouse gases but opposite in sign (IPCC,
2001). Sulfate is the oxidized end product of different sulfur
compounds in the atmosphere. Major natural sulfur sources are
volcanic eruptions, marine and terrestrial biogenic activity, ter-
restrial windblown dust and sea salt. Marine biogenic production
is estimated to be the dominant natural source in the Southern
Hemisphere, while in the Northern Hemisphere the natural sulfur
budget is dominated by inputs from volcanic activity (explosive
eruptions and continuously degassing volcanoes), terrestrial dust
and marine biogenic emissions (Legrand, 1995; Legrand et al.,
1997). The globally dominating sulfur source today is anthro-
pogenically induced emissions (Georgii and Warneck, 1999).
Polar ice sheets are useful climate archives. Analysis of ice
cores drilled through the ice sheets reveals information about cli-
mate and atmospheric composition far into the past (e.g. EPICA
Community Members, 2004). Sulfur in the ice is predominantly
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present as sulfate and to a minor extent as methanesulfonate
(MSA). To understand variations in sources contributing sulfur
to the ice sheet during glacial cycles a method is needed to dis-
tinguish between sulfates of different origin. The contribution
from sea salt is commonly determined using the ratio of sul-
fate to another ionic species in sea water. MSA is an oxidized
product of the dimethylsulfide produced by phytoplankton and
has been used as proxy for the marine biogenic contribution to
sulfate deposition (e.g. Legrand et al., 1991). However, it has
been shown that MSA is altered by post-depositional processes
(Wagnon et al., 1999; Pasteur and Mulvaney, 2000; Curran et al.,
2002) and its validity as a tracer for biogenic sulfate is not as
clear as previously thought (Delmas et al., 2003).

Sulfate originating from terrestrial sources can be linked to the
dust flux, measured in ice cores by applying an average fraction
of soluble sulfate in the lithospheric source material. The dust
signal is often replaced with the Ca®** record, which in general
reflects the dust signal well, though the ratio of Ca>* over dust
is not stable over different climatic stages (Steffensen, 1997).
Moreover, high calcium to dust ratios are found coinciding with
volcanic sulfate peaks, when the sulfate probably originates from
volcanoes as sulphuric acid rather than as lithospheric calcium
carbonate or gypsum (Ruth et al., 2002), suggesting that the
volcanic activity may distort a dust—calcium—sulfate relation.

A complementary method in apportionment of the sulfate
source is the 3*S/328 sulfur isotopic ratio. This method has been
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used since the 1950s (for an early review see Nielsen, 1974) and
has recently been applied in various fields (e.g. Mast et al., 2001;
Turekian et al., 2001; Peterson et al., 2003). In Polar snow and
ice the use of sulfur isotopes has only recently been employed,
and the number of studies is still few. Patris et al. (2000a) used
the method on snow samples from the South Pole and calculated
the contribution and isotopic value of marine biogenic and vol-
canic sources. Biogenic sulfate was concluded to be the main
contributor of sulfate. Later the same method was implemented
on Greenland ice core samples (Patris et al., 2002), where the
industrial sulfur signal was also examined. Pruett et al. (2005)
suggested, on the basis of West Antarctic sulfur isotopic data, a
significant influx of stratospheric sulfate. Sulfur isotopic stud-
ies of the palacoatmosphere were performed on samples from
East Antarctic ice cores (Alexander et al., 2003) covering the
last glacial period. The variation in sulfur isotopic values was
attributed to a fractionation process during transport and no in-
terpretation of the data from the perspective of source apportion-
ment was presented.

We present the first comparison of sulfur isotopic data from
two shallow ice cores representing different conditions in Dron-
ning Maud Land, Antarctica: one is from the coastal area and one
from the polar plateau. The isotopic and chemical data are used
to assess the relative contribution from different sulfur sources
with the aim of investigating spatial differences in contribut-
ing sources. The sulfur isotopic signals and the possible source
contribution are discussed in the context of preceding sulfur iso-
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topic measurements performed in Antarctica and elsewhere. The
present limited knowledge of the spatial and temporal distribu-
tions of sulfur isotopic signals and contributing sulfur sources
in Antarctica leads to apparent contradictory interpretations. We
discuss the likelihood of other contributors, in addition to the
evident ones of sea salt, marine biogenic and volcanic sources,
to our samples, including degassing volcanoes, terrestrial dust
and stratospheric sulphate. Moreover, we address shortcomings,
such as the lack of confined isotopic ranges for the individual
sources and limited knowledge about the fractionation of sul-
fur during atmospheric transport, in our discussion on the sulfur
signals in Antarctic firn and ice.

2. Site description

Three 100 m long ice cores were drilled in Dronning Maud
Land, Antarctica (Fig. 1) during an EPICA pre-site survey in
1997-1998 (Holmlund et al., 2000). One ice core was retrieved
at Camp Victoria (core CV) (76°00'S, 08°03'W), which is lo-
cated 550 km from the coast at 2400 m above sea level (a.s.l.)
on the polar plateau, approximately 200 km south of the Heime-
frontsfjella mountain ridge. The other two were drilled only 5 m
apart at Camp Maudheimsvidda (CM, cores CMa and CMb)
(73°06'S, 13°09'W) at 360 m a.s.l. CM is situated 140 km
from the coast in the Vestfjella mountain range with several
nunataks within tens of kilometres. The mean annual accumula-
tion rate at core site CV is 61 mm water equivalence (mm w. eq.)

?wﬂ*ﬂ"‘\_ A
—
~
%

L Woesh
L i

=SP

DMLOS

/

N,

S ANTARCTICA™.

i
o

\

Fig. 1. Location of the core sites CM, CV
and DMLOS5 and of the other sites from
where sulfur isotope data have been reported:
SP, South Pole (Patris et al., 2000a); DC,
Dome C and V, Vostok (Alexander et al.,
2003); R, RIDSA (Pruett et al., 2005).
Digital elevation data (Bamber and
Bindschadler, 1997) were provided by the
National Snow and Ice Data Center DAAC,
University of Colorado, Boulder, CO.
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Table 1.

from the CMa, CMb and CV cores

SULFUR ISOTOPIC SIGNALS IN ICE FROM DRONNING MAUD LAND

Sulfur isotopic composition and ion concentrations (in ppb), depth and approximate age range for the ice and firn samples

Sample Depth Age? 53S0t SO3~ Nat Mgt MSA Cl-
(m) (yr) (%o0) mean (median)
CMal 15.02-54.65 30-100 14.540.2 97 242 30 11 331
CMa2 55.00-84.69 100-200 14.840.2 93 170 18 12 300
CMa3 84.89-105.45 200-300 14.640.2 95 201 24 11 315
CMb_discrete® 50.30-57.85 122 (94) 179 13 16 340
(n=151)
CVvl1 4.19-19.20 30-100 14.940.2 60 27 4 4 53
CcVv2 31.00-50.09 200-500 14.540.2 70 24 4 3 59
CV3 82.89-94.70 800-1100 15.040.2 67 18 3 6 42
CV _discrete® 19.20-31.00 74 (62) 23 4 3 47
(n = 236)
50.15-56.75 82 (67) 22 5 6 47
(n=132)
62.05-75.85 86 (72) 26 4 7 54
(n =276)
94.70-119.60 81 (74) 22 4 5 45
(n = 498)

2Based on accumulation rates and volcanic horizons from Holmlund et al. (2000) and Karlof et al. (2000).

YMean value of all 5 cm samples within each section.

(Karlof et al., 2000) and at CM it is 220 mm w. eq. (Holmlund
et al., 2000).

3. Analyses

Six samples were analysed for sulfur isotopic composition. Three
samples cover all of core CMa (Table 1) and three samples cover
large sections of the CV core. The large sample sizes guarantee
a time-integrated isotopic signal not disturbed by sporadic sul-
fate peaks and provide sufficient material for repeated isotopic
analyses. Discrete samples on 5 cm resolution were retrieved in
sections from the CMb core and from the remaining sections of
the CV core.

Ice core samples were carefully decontaminated by removing
the outer 0.5 cm of ice with a microtome on a laminar flow bench
using clean-room clothing. The samples for isotopic analysis
were thereafter melted and collected in thoroughly cleaned plas-
tic drums and the laboratory work was performed in clean-room
facilities. The initial sample volume was 65-110 1 for each CMa
sample and 10-30 1 for each CV sample. Only the CMa sam-
ples were centrifuged at 30 000 rpm to extract all particles (for
a study of the origin of the particles which will be reported else-
where) before the isotopic analyses were performed. Repeated
isotopic analyses, except for sample CV3, were performed five
times for CMa samples and twice for CV samples. Aliquots of
these samples were subjected to ion chromatographic analysis.
The discrete 5 cm samples were similarly decontaminated and
stored in frozen state in clean Accuvettes®. They were melted
just prior to the ion chromatographic analysis.
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The isotope samples were collected on an ion exchange col-
umn (strong basic anion resin, Sigma-Aldrich, no 21.740-9,
Dionex 1 x 8-50, 20-50 mesh). The collected sulfate was eluted
with 0.5 M NaCl and precipitated with 0.5 M BaCl, boiled for 1
min and adjusting the pH to about 2 with HCI. The BaSOy, pre-
cipitate was left in a water bath for 2 h at about 90 °C. Thereafter
the solution was cooled to room temperature and filtered through
a polycarbonate filter (Millipore, Isopore, no HTTP 02500 or
HTTP 04700, depending on the amount of BaSO, precipitated).
The BaSO, collected on the filters was washed with ultraclean
water (Elga Maxima Analytica) to remove C1~ from the eluent
and dried in an oven at 60 °C overnight. Filters were weighed
and then scraped to remove the BaSOy. It should be stressed that
only the soluble sulfate is measured with this method and that
other soluble sulfur-bearing compounds, such as MSA, do not
contribute to the isotopic value.

The sample and standard mass ratios were measured using iso-
tope ratio gas mass spectrometry (IRMS) in a mass spectrometer
(Finnigan, model Delta+). All sulfur isotope measurements were
done on SOy converted from BaSO, on-line in a Carlo Erba
NC2500 continuous flow system (CF-IRMS). Based on standard
measurements the precision was better than 4-0.2%.. §34S values
are reported in %o according to

Raampl
58 (%he) = ( —mele _
(%) (R

STD

1) « 1000 0

where Rgmpie refers to the mass ratio 3*S/*S of the sample
and Rgrp refers to the mass ratio of **S/*2S in Cafion Diablo
troilite.
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Concentrations of SO}[, CH;SO; (MSA),Cl~,Na*t and Mg*
in all samples were measured on a Dionex IC500 ion chromatog-
raphy system. (CMa and CV aliquots—anions: KOH eluent
gradient, ASRS-ultra 2 mm suppressor; cations: MSA eluent
gradient, CSRS-ultra 2 mm suppressor. CMb and CV 5 cm dis-
crete samples—anions: NaOH eluent gradient, ASRS-I 2 mm
suppressor; cations—H,SO, isocratic gradient, CSRS-I 2 mm
suppressor.) The analytical error is estimated to be less than 5%.

4. Results

The sulfur isotopic values for the soluble SO in the firn/ice
samples show low variation between the individual samples
(Table 1) and the weighted mean values for the CMa and CV
cores are almost identical at 14.6 & 0.3%. and 14.7 £ 0.3%.,
respectively. The large sample sizes smooth the influence from
high-magnitude low-frequency sulfur sources, such as large ex-
plosive volcanic eruptions. The low internal variation within the
two cores indicates that no significant change in source contri-
bution took place during the time period covered by the ice cores
(about 300 and 1100 yr, respectively). Thus, the anthropogenic
emissions of sulfate during the last decades cannot be detected
in the sulfur isotopic signal at these sites in Antarctica.

Na*, Cl-, SOi’ and Mg?* concentrations of the aliquots and
the mean values for the 5 cm discrete sample sections are pre-
sented in Table 1. The concentrations of both sea-salt species
(Na™, CI-, SOi_, Mg>*) and MSA are higher in the CM core
samples than in the CV core samples. Sulfate concentrations
are about 50% higher in the samples of the CMa core than in
the CV core. The SO~ concentrations of the aliquots within
each core exhibit small variations: CMa 95-97 ppb and CV 60—
70 ppb. The mean SOi_ concentrations of the discrete samples
are slightly higher than the corresponding aliquots of the sulfur
isotope sample. However, the 5 cm discrete samples were cut in
selected sections where volcanic horizons were expected based
on the ECM profiles presented in Holmlund et al. (2000) and
could possibly explain the slightly higher mean sulfate concen-
trations. The median concentrations therefore correspond better
to the mean values of the aliquots. The detailed chemistry of the
two ice cores will be reported elsewhere.

5. Discussion

5.1. Sulfate depletion and §3*S

The sulfur isotopic signal of the samples (5%*S,) is deter-
mined by the contributing fraction to total SO‘%_ concentration
(totSO2™) (fsx) and isotopic value §**Sgx of each source as a
weighted average:

8Sior = 8%Ss1 fs1 +8MSsa fsa ..
+634SSn.fSn = 534Sssfss + 834Snssfnss~ 2)

The subscript ss denotes sea-salt SO; ~ and nss non-sea-salt SO}~
(i.e. all other sources). §3*S,,; can be obtained by using simple
algebra on eq. (2):

8 Snss = [67*Stor — (1 = fass) X 878 ]/ fuss 3)

where 8348, is the measured isotopic value of the sample, §3*S
is the sulfur isotopic signal of sea water (21%., Rees et al., 1978)
and f s the fraction of nssSOﬁ_ to totSOﬁ_.

The nssSOi_ contribution is usually calculated by using the
SOﬁ’ to Na™ ratio (k) in standard sea water via:

[nssSO27] = [totSO2~] — ([Na™] x k). 4

However, k has been shown to break down for snow and ice
deposited in coastal Antarctica (Minikin et al., 1994; Hall and
Wolff, 1998; Wagenbach et al., 1998) because it generates pre-
posterous negative nssSOﬁ_ concentrations which have been de-
tected up to 300 km from the coast (Minikin et al., 1994). Rankin
et al. (2000) suggested this depletion process to be due to the
precipitation of mirabilite (Na,SO4-10H,0) which forms dur-
ing frost flower formation on the Antarctic sea ice. Neither the
process nor the spatial extent of the depletion of sulfate with re-
spect to sodium is fully understood, but seems to be infrequent at
altitudes as high as the Antarctic plateau (Aristarain and Delmas,
2002), which encompasses the location of core site CV. How-
ever, there has been a recent suggestion that a sulfur-depleted
aerosol scoured from the sea ice surface is the dominant source
of sea-salt aerosol to central Antarctica as well (Wolff et al.,
2003). But no chemical record supporting this suggestion has
yet been presented.

In order to detect if sulfate depletion is present on core sites
CM and CV, respectively, nssSOi_ was first calculated using the
standard sea water ratio (k = 0.25). The calculation produces
several negative nssSOJ~concentration values on CMa and a
weak relation between Nat and nssSOff (Fig. 2). On CV, nei-
ther negative concentrations nor any relation with Na* is seen.
The result on the CMa samples indicates that the calculation
overestimates the sea-salt SO}~ fraction and that a depletion of
sulfate is present. To further estimate the size of the depletion
on CM, the value of k corresponding to the minimal correla-
tion between Na* and nssSO>~ was sought, which could be a
reasonable assumption for two species of different origin. In or-
der to assess the sensitivity of the method, the calculation was
made by randomly selecting 75% of the data separately for 1000
calculations. The mean value and standard deviation of the ob-
tained k was 0.09 & 0.02, which covers k = 0.07 as found for
sulfate depleted aerosols in coastal Antarctica by Wagenbach
et al. (1998), a figure subsequently used by others (Legrand and
Pasteur, 1998; Minikin et al., 1998; Kerminen et al., 2000). A
similar analysis for detecting the sulfate depletion in several
firn cores from the Filchner—Ronne Ice Shelf yielded somewhat
lower k values (0.043-0.058) (Minikin et al., 1994), but con-
sidered, in contrast to this work, only samples from the winter
season when the depletion process is likely to be more effective
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Fig. 2. Scatter plot of Na* and SO%’ of the 5 cm discrete samples for (a) core CMb (n = 151) and (b) CV (n = 1140), respectively. Note the

different scales.

Table 2. 83*Sio1, 83*Spes and nssSOi_ concentration calculated assuming sea water ratio

(k = 0.25) or a sulfate depletion ratio (k = 0.09 £ 0.02). Bold figures indicate the assumed state and are used for
subsequent calculations (see text)

Sample 534S0t (%0) 534S 1ss (%0) nssSOff (ppb) (% of totSOAZf)
k=0.25 k=0.09 +0.02 k=0.25 k=0.09 £ 0.02
(sea water ratio) (depletion ratio) (sea water ratio) (depletion ratio)
CMal 14.54+0.2 45+27 127+0.8 39 (36%) 76 (79%)
CMa2 14.840.2 95+ 13 135+ 0.6 51 (55%) 78 (84%)
CMa3 14.61+0.2 72+18 131+ 0.7 49 (52%) 77 (81%)
CVl1 14.940.2 141+04 146 £04 53 (89%) 57 (96%)
Ccv2 14.54+0.2 139+ 04 143+04 64 (91%) 68 (97%)
CV3 15.04+0.2 1451+ 0.4 148 £04 62 (93%) 65 (98%)

(Wagenbachetal., 1998). The non-existence of negative nssSOif
concentrations on the CV samples does not allow us to rule out
that sulfate depletion occurs at this site, but the contribution of
sea-salt SO;~ with k = 0.25 is limited to 7-11% (Table 2) and
alters the nssSOi_ concentrations by only 3—4 ppb.

Based on our findings, and in conjunction with the reported
studies on sulfate depletion, we suggest that the nss SOi’ con-
centrations from core site CM must be calculated considering a
SOi’ depletion. The appropriate value of k is difficult to assign,
but our obtained value of £ = 0.09 £ 0.02 is used in the sub-
sequent calculations. §3*S,, are presented for both a depleted
and non-depleted aerosol in order to compare the impact on the
isotopic value (Table 2). Calculation of §*S, was performed
by a Monte Carlo simulation (2000 runs) with the error limits
stated for each parameter included in eqs (3) and (4) treated as
standard deviation on a normal distribution and with the mean
determined by the measured or known value. On the CMb sam-
ples the difference in isotopic value is large depending on the
calculation method used and error limits increases with f. On
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the CV samples the changes in isotopic values are within the
error limits. In the following discussion the §**S  values calcu-
lated considering SO~ depletion on CM and with the standard
sea water ratio on CV, respectively, are used.

5.2. Contributors to nssSOif

The almost identical §**S,, values from the sites CMa and
CV (Table 2) remain after subtraction of the sea-salt contri-
bution. The 84S, values are slightly lower in CMa (12.7-
13.5%0) than in the CV core (13.9-14.5%.), but considering the
error limits they are indistinguishable. Thus, the isotopic signal
gives no straightforward evidence for a difference in nssSO?~
contribution.

The difference in MSA concentration cannot can be used ei-
ther as evidence for different sulfur sources for the sites, since
the lower MSA concentration in the CV samples is probably an
effect of a post-depositional loss. Wagnon et al. (1999) found
that the loss of MSA is particularly pronounced at sites where
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the annual mean accumulation rate is less than 60 mm w. eq.
and very limited on sites where mean accumulation is higher
than higher than 200 mm w. eq. These limits correspond well to
the mean annual accumulation rate of CV and CM (61 and 220
mm Ww. eq., respectively). Since the isotope analysis is performed
only on sulfur from soluble SOﬁ_, any post-depositional loss of
MSA will not affect the isotopic values.

Sulfate inputs from sporadic explosive volcanic eruptions are
detected as distinct peaks in SO~ records from ice cores. The
background sulfur isotopic signal originates from all contrib-
utors to nssSOi_ except the explosive volcanic eruptions. Its
isotopic value (§**Sy,) can be calculated by subtracting the con-
tribution from explosive volcanic eruptions from nssSOf[ signal
following the additive principle of eq. (2):

834Sbg = (834Snss - fvcl X 534Svol)/(1 - fvol)- Q)]

This procedure requires that the relative contribution of volcanic
sulfate to nssSOﬁ_ in the ice core sample ( f o) and the isotopic
signal of the volcanic SO?[ (8%*S,1) are known. For core site
CV these data have been obtained with the following methods
and assumptions:

(1) Traufetter et al. (2004) detected and calculated the indi-
vidual sulfate flux for all volcanic peaks in core DMLOS from
Dronning Maud Land, 250 km east of core site CV (Fig. 1). The
relative SO%’ contribution from the volcanic peaks in DMLOS5,
calculated as the sum of all volcanic peaks divided by the total
nssSO;~ flux in DMLOS, yields 10 & 3% (Table 3). Considering
the relative proximity of the cores on the polar plateau along
with similar accumulation rate and mean nssSO;~ concentra-
tions, this calculated relative load from explosive volcanoes is
assumed to be representative of the CV core as well.

(2) Sulfates of volcanic origin have variable isotopic signals,
depending on the source material for the volcano and type of
emission to the atmosphere (ash or gas). The stratospheric input
is most likely to originate from oxidized SOy,). The signal of

534S, is for volcanic gas emissions confined between 0-5%o
(Nielsen et al., 1991) and is in agreement with findings from
Antarctica (Patris et al., 2000a). Considering the great number
of volcanoes (49) found in the DMLOS5 core (Traufetter et al.,
2004) this range is assumed to be representative for the integrated
volcanic signal in the CV core

The deposition on the ice sheet of sulfate from explosive vol-
canic eruptions is temporally irregular and the three samples of
the CV core are not expected to have the same relative contribu-
tion of volcanic SO?. The discrete 5 cm SO~ record of the CV
core does not correspond to the length sections where the sam-
ples for sulfur isotopes were cut (Table 1). Consequently, sepa-
rate volcanic eruptions, as detected in the DMLOS5 core, cannot
be attributed to the individual sulfur isotope sample of CV. The
weighted mean §34S i of the three CV samples (14.1 % 0.3%o)
is therefore used as an average for the whole core. Considering
the large sample sizes, covering almost half of the core length
(Table 1), and the small variation in mean SOi_ concentration
and §**S of the individual samples, this value is assumed to be
representative.

A Monte Carlo simulation (2000 runs) on eq. (5) to obtain the
integrated §**Sy, for CV, using §3*S,5s = 14.1 £ 0.3%0 and f o
10% =+ 3% as means and standard deviations on a normal distri-
bution, respectively, and §3*S ] 0~5%0 on a uniform distribution,
yields §*Sp, = 15.4 + 0.6%e.

In Antarctica the background nssSOi’ has been suggested to
be of predominantly marine biogenic origin (Legrand, 1995). But
the §3*Sy, at core site CV is significantly lower than the value
for a regionally integrated marine biogenic source (84S, =
18.6 &= 0.9%o0) in snow from the South Pole (Patris et al., 2000a).
The South Pole samples represent a time period between about
1930-1970 and are thus not perfectly comparable with the sam-
ples presented here. On the other hand the small difference in
534S between the CV samples indicates stable isotopic condi-
tions during the time period. Moreover, there is an analytical

Table 3. Comparison of age, accumulation, elevation and sulfate fluxes between cores DMLO05

and CV (n.a. = data not available)

DMLO05 CvV

Time period covered

Accumulation rate (mm w. eq.)

Elevation (m a.s.l.)

Mean nssSOZ‘ conc. (ppb)

Total nssSOﬁ’ flux (kg km~2)

Total explosive volcanic SOAZF flux (kg km~2)
Explosive volcanic SOi_/nssSOi_(%)

A.D. 461-19972 A.D. 540-1997°

60° 61°
2900? 2400
64 62
69304 n.a.
6704+220 n.a.
10+3 n.a.

ATraufetter et al. (2004).

PKarlof et al. (2000).

¢Sommer et al. (2000).

dY. Fischer, personal communication 2003.
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difference in that the South Pole samples also include the MSA
signal, but this should only account for &+ 0.5%. (Patris et al.,
2000a). Both the South Pole §**S,y, and the CV §**S, value fall
within a theoretical range on 84S, (Calhoun et al., 1991), but
several reports on %S, suggest a value in the middle of this
range, near 18%o. (Newman et al., 1991; Norman et al., 1999), in
concordance with the small depletion in **S found in plankton
(Nriagu et al., 1991). Measurements on marine aerosols from
the southern Pacific Ocean (Calhoun et al., 1991) and the At-
lantic Ocean (Patris et al., 2000b) yielded 84S, similar to or
lower (minimum 12.5%c) than the §%S,, for core site CV, but
they were probably influenced by isotopically lighter continen-
tal sulfuric components (Patris et al., 2002). It cannot be ruled out
that 8% Sy, at core site CV is of entirely biogenic origin, lacking
a precise value of §**Sy,. In either case, the difference between
838y, at core site CV and the §%S,;, values found by Patris et al.
(2000a) on the South Pole remains enigmatic and demands an
explanation. We will now discuss the possibilities of additional
significant sources—constantly degassing volcanoes, terrestrial
dust and stratospheric background SO?[.

The fluxes from constantly degassing volcanoes and/or
smaller regional eruptions are not captured as peaks in the sul-
fate record of the DMLOS5 core and are therefore not accounted
for in eq. (4). SO~ from constantly degassing volcanoes is con-
sidered a significant component of the sulfur budget on Green-
land, due to its more proximate location to continental areas
(Legrand, 1995). In contrast to explosive eruptions, the SO;~
flux from constantly degassing volcanoes does normally not
reach the stratosphere. Thus, the flux could give regional im-
prints and is likely to be different between core site CV and the
South Pole. The Antarctic region encompasses a number of vol-
canically active areas (Delmas et al., 1985; Basile et al., 2001)
and 31 volcanoes are listed in the Smithsonian volcano database
(http://www.volcano.si.edu/world/). Most probable sources for
core site CV are the volcanic areas around the Antarctic Penin-
sula (South Shetland Island and James Ross Island), together
with the southern Andes, following the storm tracks of the South-
ern Hemisphere. In order to obtain the §**Sy, at core site CV
(15.4 £ 0.6%o), the required impact on the isotopic balance for
this possible additional volcanic source must be about 2%. assum-
ing the remaining contributor to be of marine biogenic origin with
83*Smp ~ 18%o. The relative SO2~ contribution of constantly de-
gassing volcanoes and/or small volcanic eruptions to the sulfate
budget at core site CV would then be about 10-20%, assuming
similar values of §%*S,,, for degassing and explosive volcanoes
(0-5%o0), following the principles of the isotopic balance equation
(eq. 2).

Soluble terrestrial SOﬁ_ -bearing dust can originate either from
sources in the Antarctic region (snow-free coastal areas and
nunataks) or by more long-range transport from source areas
on the ice-free continents. The long-range transported dust de-
posited in glacial periods on Vostok and Dome C in East Antarc-
tica is suggested from Sr/Nd data to originate from Patagonia
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(Delmonte etal.,2004; Basile et al., 1997), where CM and CV are
along the transport trajectories. Crustal sulfur has a wide isotopic
range with, on average, slightly positive values, but large vari-
ations exist depending on the location (Nielsen et al., 1991). If
terrestrial dust was responsible for the difference between §%*Sy,
at core site CV (15.4 + 0.6%0) and the estimated §3*S , ~ 18%o,
the terrestrial dust must have a lighter §*S signal than §**Sy,
at core site CV. Core site CM is nearer to nunataks than core
site CV and the influence of local terrestrial dust would thus
be expected to be higher than for core site CV. If the local source
was significant on core site CM, the §3*S,, value for core site
CM would be expected to be significantly different from that
of core site CV. Moreover, the rock type of the nunataks in the
vicinity of core site CM are not sulfate evaporites but basalts
(Luttinen and Furnes 2000) and not expected to dissolve SO?[
in the melted ice and firn samples. If excluding the local dust
source, the long-range transported dust still remains but is dif-
ficult to quantify. From other Antarctic sites the terrestrial sul-
fate has been calculated to account for a minor part (0-2% on
Vostok Holocene samples, Alexander et al., 2003, and negligible
on Neumayer, Minikin et al., 1998).

Background stratospheric SO~ (in contrast to elevated SO3~
concentrations in the stratosphere due to recent volcanic erup-
tions) has been determined to have §3*S values of 2.6 + 0.3%.
(Castleman et al., 1973). A stratospheric background source had
a significant impact in a sulfur isotopic study from West Antarc-
tica (Pruett et al., 2005). The samples represented the period A.D.
1937-1974 and 838, ranged from —0.7 to 6.8%.. This range is
not consistent with a dominating marine biogenic source to the
Antarctic SO3~ budget, and was explained by a major contribu-
tion from a light stratospheric source of about 50% of the total
nssSO; ™. At the coastal station Neumayer (Fig. 1) the strato-
spheric SO?[ flux from intrusion of stratospheric air masses
based on !°Be measurements together with the gravitational set-
tling of SO;~ formed in polar stratospheric clouds accounted
for an absolute maximum in airborne SO3~ to 15% of nssSO3~
during the winter season (Minikin et al., 1998)—a figure that
is significantly smaller (below 5%) during the summer season.
However, on a site at higher altitude and latitudes than core site
CV or the West Antarctic site in Pruett et al. (2005) (1740 m
a.sl.) the fraction of stratospheric input would be expected to be
higher due to both the lower absolute nssSO3~ concentration and
a higher stratospheric influx. If so, we would expect the impact
on the sulfur isotopic signal to show lower values at core site CV
than for the lower-lying core site CM. In fact, the CV samples
have slightly higher §3*S ;s values (Table 2). On the basis of iso-
topic data from two East Antarctic sites (Dome C and Vostok),
covering the last glacial cycle, a solution which apportioned the
sources with approximately 50% non-biogenic sources (dust or
stratospheric sulfate) was, as in Pruett et al. (2005), discussed
but eventually ruled out based on the relation between O and S
isotopes in SO?{ (Alexander et al., 2003). The results are not di-
rectly comparable due to both the different location and different
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temporal coverage, but the contradicting interpretations call for
further assessment of the importance of the stratospheric flux in
Antarctica.

An additional factor not relating to a specific source, and
which may possibly affect the isotopic signal significantly, is
fractionation of S during oxidation of SO, to SOZ_. Heteroge-
neous (gas—liquid) oxidation of SO, has been shown in labora-
tory experiments (Eriksen, 1972) and in in sifu measurements
(Newman et al., 1975) to enrich the oxidation product (SO?{) in
343, Studies on homogeneous (gas—gas) oxidation have yielded
opposite results (Tanaka et al., 1994; Leung et al., 2001). In the
present conditions of the troposphere heterogeneous oxidation is
believed to the account for the dominant part of oxidation glob-
ally (Jacob 2003) because of it being a faster reaction and the
presence of liquid water suspended in the air. SO, has a resi-
dence time of a few days and the SO, from distant sources will
therefore oxidize prior to arrival to the Antarctic continent, while
SO, derived from DMS from the polar ocean will be oxidized
in the atmosphere over the continent. However, the oxidation
pattern may have been different during past climate conditions.
Alexander et al. (2003) explained lower sulfur isotopic values
during the last glacial period as due to an increased amount of
homogeneous oxidation due to the drier climate, with a progres-
sively isotopic lighter SO, content of the air propagating inwards
the Antarctic continent and consequently an isotopically lighter
oxidation product (SOi_). If this fractionation process also is
active during the present climate, we would expect lower §**Sy,
on the central Antarctic sites compared with peripheral sites. The
few sites and data from Antarctica give no confirmation of this
theory: Samples including snow/firn from the twentieth century
from the most central location (South Pole) have higher §%S,
values (17.9%o, 17.5%o in Patris et al., 2000a) than CM, CV and
the West Antarctic samples (Pruett et al., 2005). Fractionation
may therefore not be a first-order process for variance in the
sulfur isotopic record in the present climate.

The above discussion on 834Sbg has been focused on core site
CV due to its relative proximity to core site DMLO5. A similar
relative SOi_ load from explosive volcanic activity at the core
site CM must entail higher fluxes of volcanic sulfate due to the
higher nssSOi’ concentrations (Table 2). A difference in trans-
port trajectories between the core sites CM and CV could alter
the relative contribution from a regional source, but the distance
between the sites is only 400 km. The similar §**S i, values also
suggest a similar source contribution with contribution to the
sulfur budget at similar relative levels.

6. Conclusions

The sulfur isotopic signals from two ice cores from Dronning
Maud Land exhibit temporal and spatial stability. The large sam-
ple sizes guarantee a time-integrated signal but prevent investi-
gation of short-term variations. However, no influence of an-
thropogenic sulfate emissions in the last decades seems to have

altered the signal. The §3*S,,; values for the samples from core
site CM are highly dependent on the sulfate to sodium ratio used
in the calculation. The sea-salt aerosol seems to be depleted in
SO~ with respect to Na™ at the coastal core site CM (i.e. pos-
sessing a smaller ratio compared with standard sea water). On
the polar plateau core site CV, the sea-salt fraction is either too
small to reveal a depletion or it is not depleted, possibly indicat-
ing an origin from lower—sea-ice-free—latitudes without active
fractionation processes. However, in either case the standard sea
water ratio can be used for the samples from the CV core. The
calculations of the nssSO2~ component for CV and CM with
different ratios gives similar 633, values for the two sites.

The relative load of explosive volcanic SO~ at core site CV
can be determined to 10 &= 3% by comparison with a closely
located core (DMLOS). After subtracting this contribution, the
remaining background sulfur isotopic signal in the CV samples
suggests, due to the relatively low value, that the marine bio-
genic source may not be the only significant sulfur source in this
area. The additional source cannot be identified, but one probable
candidate is an additional input from constantly degassing volca-
noes. A stratospheric background SOi_ contribution could also
be significant but the expectation that the CV site, being located
at higher latitude and altitude, would have a higher stratospheric
flux contradicts the similar %S, values found in the CM and
CV samples. SO3~ from terrestrial dust cannot be definitively
ruled out as a contributor, but is believed to have little impact.

An alternative explanation for the relatively low background
sulfur isotopic value is that the marine biogenic source in reality
is lower than the values reported elsewhere of around 18%.. If
so, former results from this frequently quoted and utilized figure
must be reconsidered. Increased knowledge about, and a better
confined value of, the marine biogenic source would significantly
improve all source apportionments of sulfur compounds in the
atmosphere.

The extent of fractionation processes on the §3*S signal is
sparsely known, but the few data from Antarctica hitherto con-
tradict fractionation during transport, with a progressively lighter
5%Sin SOAZf, as in the present climate, being a first-order factor
of §34S variation in Antarctica.
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